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Electron spin polarization in excess of 70% has been 
observed in phot,oemission from a 0.1 pm-thick epitaxial 
layer of In,Gal-XAs with x x 0.13 grown on a GaAs sub- 
st,rat.e. tinder these conditions, the epitaxial layer is ex- 
pected to be highly strained by the 0.9% lattice mismatch, 
;-IS confirmed by X-ray diffractometer measurements of the 
Iat,t ice paramet,er. TRAP elect,ron polarization and the quan- 
1,111n efficiency have been measured as a function of the 
e.\;cit,ation photon energy from 1.25 t,o 2.0 eV. A signif- 
icant enhancement of the electron polarization occurs in 
tile vicinity of 1.33 eV where the expected strain-induced 
It?vel sl)lit,ting permits optical excitat#ion of a single band 
t~l.illlSitiOll. RIcasurement8s made on a control sample of 
1.14 lmi thickness, significantly larger than the critical 
t llickness for pseudomorphic strain, show no polarization 
enhallcement. These measurements represent the first ob- 
scrvat,ion of strain-enhanced electron spin polarization for 
I)llot,oemit,ted elect,rons. 

I. 1NTRo~ucT10N 

Polarized electron photoemission from negative- 
elcct,ron-affinity (YEA) Gahs photocathodes is a stan- 
tliird t,cchnique to provide a high intensity polarized elec- 
t,roll source for linear accelerators. The degeneracy, of the 
lic~;\\~~-hole (j = 3/2, rnj = &3/2) and light-hole (j = 3/2, 
,u, = i1/2) valence bands at the r point for III-V com- 
pounds has limited the maximum polarization to 50% [l]. 
Reported 11crca is the observation of a significant enhance- 
ment in phot,ocmitted electron spin polarizat,ion from a sin- 
glc: het,crojunction of InGaAs grown epitaxially on a GaAs 
slll)strat,e. The growt,h conditions created a pseudomorphic 
sit,rain in the InGaAs epilnyer by lattice mismatch between 
t Ire epilayer and the substrate. The strain removes the va- 
lencr b;mtl degeneracy and allows the selective optical ex- 
cit;ltiol\ of t,ht~ heavy-hole to conduction band transition. 

II. STRAIN-INDUCED BAND STRUCTURE 

Straill-induced changes in crystal band structure have 
IWCII ext,cnsively studied [2]. A suitably thin epitaxial layer 
of InGaAs growu on a GaAs suhstr&e incorporates a hi- 
axi:, compressive strain in the plane of the int.erfacc. Full 
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strain is realized when the lattice spacing of the epilayer 
in the plane of the interface matches the lattice spacing 
of the substrate without appreciable production of disle 
cations. The strain-dependent energy differences between 
the heavy-hole and light-hole bands, and the conduction 
band are given by [3]: 

ECsHH = EO + (aa: - b/3)( 

E”zLH = EO + (m + b/3)6 
(1) 

where EO is the direct band gap of fully relaxed InGaAs, 
a and b are the interband deformation potentials. c is the 
strain, and (Y and p are functions of the elastic-st,iffness 
const#ant.s Cij : 

a = 2(Cll - Cl?)/Cll 
(2) 

P = (Cl1 +2CK!)/C11. 

For biaxial compression these relations imply an in- 
crease in the direct band gap and a splitting of the Psi2 
multiplet with the heavy-hole band gap smaller than the 
light-hole band gap. Using the deformation potent#ials and 
elastic constants for In,Gal-,As with x = 0.13, one ob- 
tains a valence hand splitting of 61 meV for a fully st,rained 
sample. The corresponding heavy-hole and light-hole to 
conduction band energies are 1.29 eV and 1.35 eV respec- 
tively at 293°K. 

III. SAMPLE C!IIARACTERIZATION 

The single heterost,ruct,ures were grown by molrcular 
beam cpit,axy (MBE) at t,he El&ronics Research Labora- 
tory of the Ilniversity of California at Berkeley. The sam- 
ples grown were a thin strained InGaAs epilayer (thin sam- 
ple) and a thick relaxed InGaAs layer (thick sample). The 
substrate material used was (100) n-type Gabs (Si doped 
to 5 x 101”cm-3). GaAs buffer layers were grown at, 600°C 
to change the carrier type: a 0.6pm thick n-type GaAs 
(Si doped to 6 x 101acm-3) followed by a 0.2km t,hick p 
type GaAs (Be doped t,o 6 x 101Xcn~-3). The substrate 
temperature was then reduced to 550°C for the growth of 
the InGaAs layer. The tllin sample had a 0.1 I’m t,hick p 
type In,Gal-,As layer (Be doped to 2 x 101”cm-3 for the 
first 600 h and t,o 4 x 10’8cn~-3 fey t.hc final 400 I\), and 
the thick sample a 1.141/m thick Pt,yIjI’ Tn,Gal-,As layer 
(Ue doped t,o 2 x lO’“cm-.’ for t,he first, 11000 i\ and to 
4 x 10’8cnl- 3 for the final 400 ii). The indium concent,ra- 
tion was nominally x = 0.13. and tl agreement li&ween 
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the indium concentration of the two samples was estimated 
to be 6x = *O.Ol. After the MBE growth, the sample was 
cooled to room temperature, and was exposed to an Asa 
beam t,o deposit an arsenic protection layer. 

In order to estimate the crystal strain in the InGaAs 
layer, the samples were analyzed with a double-crystal X- 
ray diffract,ometer in the Department of Materials Science 
and Engineering at the University of Wisconsin. Fig. 1 
shows the X-ray rocking curves around the (004) reflection 
using the CuK, line. These curves measure the lattice 
spacing along the growth direction of the epilayers. Since 
t,he 1.14 pm-thickness sample is sufficiently thick to be fully 
relaxed [4], the observed lattice spacing of this sample was 
used to determine the In concentration giving x = 0.123. 
As a result of the biaxial strain in the heterostructure in- 
t,erface, the InGaAs peak of the O.lOpm-thickness sample 
shifts towards a smaller Bragg angle reflecting a latt,ice ex- 
pansion along the [OOl] d’ erection. This implies a biaxial 

strain for the O.lOpm-thick sample of E = ~11 = -0.00859. 
Given the uncertainty of the indium concentration of the 
0.10 /lm-thick sample, this strain corresponds to between 
80% and 100% of the fully allowed strain. 
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Figure 1. S-ray rocking curves for the (004) reflection from 
the In,Gal-,As/GaAs heterostructures. 

IV. EXPERIMENTAL PROCEDURES AND RESULTS 

The electron spin-polarization was measured by Mott 
scattering at 65 keV. The electron gun and Mott scatt,ering 
apparatus have been described elsewhere [5]. A nitrogen- 
laser pumped dye laser, using various dyes t,o obtain the 
desired wavelength range, was used as the photoexcitation 
source. The cathode was activated to obtain a.n NEA sur- 
face using cesium and nitrogen-trifluoride. Prior to activa- 
tion, the cathode was heat-treated for l-2 hours at 400- 
425°C. The arsenic cap layer was removed during the first 
lleat-treat,ment,. 

A 2.2 mW HeNe laser was used to measure the 
absolute quantum efficiency at a photon wavelength of 
632.8 nm. A tungsten-halogen lamp and a monochroma- 
t.or, whose output was monitored by a photodiode, were 

used to measure the relative quantum efficiency as a func- 
tion of photon energy, and these measurements were then 
normalized to the IIeNe laser measurement at, 632.8 nm. 

Figure 2 shows the cathode quantum eficiency as 
a function of excitation photon energy for t,he two sam- 
ples. The band gap energies of GaAs and relaxed InGaAs 
are also indicated. PhoGemission was observed down to 
1.21 eV indicating t,hat, an NEA surface was successfully 
achieved. 
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Figure 2. Cathode quantum efficiency as a function of ex- 
citation photon energy. The solid curve is for the 0.1 pm- 
thick sample, and the dashed curve is for the 1.14 pm-thick 
sample. The band gap energies of GaAs (solid arrow) and 
relaxed InGaAs (dashed arrow) are indicated. 
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Figure 3. Elect,ron spin-polarization as a funct.ion of excita- 
tion photon energy for the 0.1 /Irn-thick sample (a) and for 
the 1.14 /&m-thick sample (b). The shaded region in Fig. 3a 
shows the expected light hole to conduct,ion band energy 
difference compatible with t,he indium concentration uncer- 
tainty and the thin sample X-ray analysis. 
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Figure 3(a) and (b) h s ow t,he measured electron spin 
polarization as a function of excitation photon energy for 
t,he 0.1 pm-thick sample and the 1.14pm-thick sample, re- 
spect,ively. The experimental uncertainty shown in the fig- 
ure includes the statistical error only. In the energy region 
smaller than 1.34 eV, the spin polarizations of the two sam- 
ples show a significant difference. The polarization of the 
0.10 pm-thickness sample is observed to increase sharply 
helow about 1.34 eV, reaching 71% at about 1.26 eV. The 
sharp enhancement at about 1.34 eV corresponds to the ex- 
pected gap energy between the light-hole band and the con- 
duction band for an indium concentration between 0.121 
and 0.133, values consistent with the uncertainty in the 
iridium concentration and the thin sample X-ray analysis. 
13y contrast, the polarization of the l.l4pm-thick sample 
remains at 40% and shows no such enhancement. 

The present polarized source and Mott polarimeter 
were previously used in a SLAC deep-inelastic scatter- 
ing experiment where the polarization measured from the 
Mot,t polarimeter was crosschecked with the polarization 
measured from Moller scattering. [6,7] From these mea- 
surements the systematic uncertainty of the polarizations 
reported here is estimated to be SP,-/P,- = f0.05. 

V. SUMMARY AND CONCLUSIONS 

The spin polarization has been measured for pho- 
toemitted electrons from strained and unstrained InGaAs 
layers. Polarization in excess of 70% was observed for the 
0.1 /Am-thick strained InGaAs sample. Polarization for the 
1.14 pm-thick unstrained sample was 40% and consistent 
with the values of bulk III-V compounds. It is concluded 
that the observred polarization enhancement of the strained 
sample is due to the strain-induced energy level splitting 
of the valence band. This measurement is the first ob- 
servation of strain enhanced electron spin polarizat,ion for 
photoemitted electrons. 
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